Regarding the quantification of indicator systems, Song et al. (2004) developed a hierarchical indicator system to evaluate the ecological sustainability of inshore cities in China. In their study, many socio-economic and environmental variables are categorized into three functional groups: structure, function, and coordination. Variables were linked as an ecological network, and the sustainability of each city was calculated and compared by a composite evaluating indicator. In addition, Srebotnjak (2007) presented a quantitative indicator system developing an integrated environmental performance index. She also particularly argued the importance of the development and the utilization of credible environmental statistics while the data availability is the main problem in environmental evaluations. Furthermore, Pan & Kao (2009) developed an inter-generation equity indicator (IGEI) to quantify the sustainability among generations in recent decades at a world scale, under a pressure-state-response (PSR) framework. In fact, local actions are of particular importance in the enhancement of sustainability regarding the urbanization. In this sense, this study aims at developing a precautionary indicator system (PIS), which is in aid of the formation of adaptation strategies of the global warming mitigation. After the World War II, Japan made great economic development in the past six decades. Some regionally nuclear cities have been formed all over Japan. However, the current deficiencies of policies and future adaptation strategies are expected to deal with facing the critical challenges of sustainable development, e.g., the urban growth management and the global warming mitigation. In this study, by evaluating current social, economic, and environmental system of urban area, the precautionary indicators are developed to diagnose the current situation. Finally, strategies for developing a sustainable city are proposed in the final part.
Research approach
In order to deal with the information hidden in an enormous amount of statistics, data mining approaches are rapidly developed in recent decades. Mainly, data mining approaches are based on the integration of statistical theories for pattern recognition, causal relationships development, behavior analysis and system control & forecasting. In particular, several methods show superiority for the purpose of data mining, including regression analysis, multivariate analysis, indicator system techniques, artificial neural network, and data envelope analysis (Chen et al., 2010; Ngai et al., 2009) . Moreover, the developing information system technologies, e.g., the geographic information systems and the remote sensing technology, provide high quality data and platforms for data analysis and integration. The aforementioned approaches could be applied to establish the precautionary indicator system of global warming from a variety of perspectives. In developing a precautionary indicator system of global warming, several principles should be taken into consideration in constructing a practicable and informative indicator system (Duke & Aull-Hyde, 2002; Niemeijer, 2002; Solnes, 2003; Valentin & Spangenberg; 2000; Verdoodt & Van Ranst, 2006) : -The indicator system should have sufficient rational theoretical bases; -The boundary of the indicator system should be identified clearly for the purpose of nature hazard mitigation; -Credible and consistent databases should be available to support the calculation of the indicator system; Global Warming Impacts -Case Studies on the Economy, Human Health, and on Urban and Natural Environments
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The interpretations of the indicator system should be direct and informative for all the stakeholders, e.g. policy-makers and citizens. Some PSR-or DPISR-like indicators have been established in the aforementioned literature. Each indicator system has its specific application purpose and respective data requirement at different scales. Based on the above principles, a modified DPSIR framework is considered in this study to develop a representative precautionary indicator system. Thereby the research flow of this study is represented in Fig. 1 .
Strategies for global warming mitigation and human security improvement To meet the goal of reflecting the urban adaptation mechanisms in terms of global warming, a three-layer hierarchical indictor system is induced to develop an evaluating indicator framework. A composite urban system is divided into three levels of indicators, and finally an overall score is estimated. The levels are decided by considering to the urban socioecological networks using socio-economic and environmental variables, which serve as the fundmental components of the indicator system. The variables are linked as a composite socio-economic and ecological network, representing the levels of the urban growth and the sustainability. According to the definition of Tanguay et al. (2008) , the terms in the statistics are identified as variables, and an indicator means composite information obtained from specific variables. The PSR analytical framework in this study is composed of three categories-"Pressure and State," "Function" and "Coordination." In addition, the driving factors and the responses are emphasized within the flows among the components. By such manipulation, a composite urban social-economic-natural system could be described by the intrinsic relationships among the components and the flows, on the basis of system ecology, as shown in Fig. 2 Fig. 2 . The conceptual framework of the precautionary indicator system towards a sustainable city.
The characteristics of the intrinsic relationships of the precautionary indicator system are designed on the basis of the system ecology thinking and the research purpose. Some points of view are assumed in the framework as follows:  The indicator system is to represent the intrinsic interactions of the socio-economicenvironment systems, implying that all the sub-systems are integrated by rationally choosing the variables and determining the indicators' weights.  Each 1st-level indicator is composed of several 2nd-level indicators, which represent the intrinsic properties. Each 2nd -level indicator is composed of some significant 3rd-level indicators, which are specifically selected to represent the characteristics of the upper level indicator, considering the data availability.

The first 1st-level indicator, "Pressure and State," reflects the current pressure levels on the social, environmental and ecological states. This category reflects the quality and pressures of an urban system. Also, some available natural hazard variables would be highlighted and linked to other common environmental variables.
The second 1st-level indicator, "Function", denotes the main socio-ecological network in an urban system. Like biological food-web, "Producer" in an urban system is assumed as "Natural Supporting System" and "Public Supporting System". They provide the resource for both social society and biosphere. "Consumer" in an urban system is assumed as "Production Capacity" representing the efficiency of the production sectors. "Decomposer" in an urban system is assumed as the "Metabolism Capacity", which means the efficiency and performance of environmental loads treatment. Finally, the linkages of socio-environmental-ecological networks are assumed to be highly affected by the "Information Exchange Intensity" in this study. In each 2nd -level indicator, some representative variables are selected as well.
In principle, the stronger the producer and decomposer are, the more robust an ecological system would be. That is, the production sectors could be transformed into a sustainable manner and the environmental quality could thus be self-regulated at an optimal level through the intrinsic mechanisms. Thereby, a powerful natural supporting sub-system and metabolism sub-system means that the potential of selfresiliency would be large, and the environmental quality and human security can be promoted. In this category, the social security indicators are particularly emphasized regarding the human security.
The third 1st-level indicator, "Coordination," denotes the future potential indicator of ecologically sustainable city. The importance of the culture and the industrial structure are stressed herein.  It is assumed that the driving forces are imposed and the responses are exchanged interactively among the main parts.  Each 3rd-level indicator is given an attribute in the calculation procedure. A larger value of the 3rd-level indicator represents that the city has a better sustainable quality with regard to this indicator, and thus the attribute is positive; otherwise, it is negative. This attribute is determined by the domain knowledge of social and natural science. In this study, the aggregation procedures of the precautionary indicator system are proposed as follows: 1. Normalize the values of each 3rd-level indicator using the following equations.
 If the variable is a positive driving indicator (i.e. the larger value of original variable denotes a higher level of the urban sustainability): 
2. Aggregate the upper level indicator by the weighted aggregation, the formula is:
where i W is the weight of each lower level indicator; m,j Q denotes the value of the m upper-level indicator of in j region, and i,j Q is the value of the i lower-level indicator in j region.
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After implementing the normalization transformation, the values of each 3rd-level indicator would obey a standard normal distribution, with a zero average and an unity standard error. Thus, all the indicators could be compared at the same scale. After the articulation, a larger normalized value of the indicator would imply the region is relatively more ecologically sustainable among the regions of interest with respect to the indicator. The aggregation indicator is calculated by weighted summation. In terms of the determination of the weight of each indicator, expert consultation (i.e., the Delphi Method), analytical hierarchical procedure (AHP), analytical network procedure (ANP) and principal component analysis (PCA), could be considered (Hsu et al., 2010; Solnes, 2003; Song et al., 2004; Srebotnjak, 2007) . Moreover, the nonlinear fuzzy theory could be introduced into the aforementioned methods. In this study the weight of each indicator is determined based on the outcomes of Song et al. (2004) and adjusted by the author according to the research purpose. In this sense, some variables associated with the global warming would be highlighted in the precautionary indicator system. In principle, the larger weight means the indicator with the higher degree of global warming.
Data and results
Japan has experienced the processes of extensive industrialization and urbanization, and now attempts to construct a sustainable society with particular focuses on the development of low-carbon society, material-cycle society and symbiotic society. In order to achieve the aforementioned objectives and to deal with the potential deficiencies, the adaptation strategies of the metropolitan areas are necessary. For this reason, 18 major cities in Japan are selected as the study areas to prepare required and feasible policy measures from a comprehensive perspective. In this sense, the official statistics of socioeconomic and environmental variables in 2008 are utilized to develop the precautionary indicator system (Yokohama City Government, 2011) . The structure of the precautionary indicator system is constructed according to the principles discussed in Section 2 and data availability. 30 representive variables are particularly selected in the indicator system, and the detailed definitions and the values of the variables are provided in Table 1 and Table  2 , respectively. In fact, it is difficult and tricky to select appropriate variables. In addition, the measurement bases, such as the measure of area or capita, would have important implications. In this study, normally, per capita variables are often used in constructing the socio-economic relationships while area-specific variables are preferred in establishing the naturalecological-environmental relationships. Still, some particular considerations are imposed for several variables considering the complex interactions. For instance, this study adopts the spatial density of college students to reflect the degree of the potential on research and regional development. Furthermore, no variables are selected as the adequate industrial structure while the attributes and expectations may vary by regions. Using the cross-section data in 2008 as shown in the Table 2 , the calculation of the indicator system is implemented hierarchically. First, each 3rd-level indicators are calculated using Eq. (1) and Eq. (2), and the results are also shown in Table 2 ; secondly, the 2nd-level indicators and the 1st-level ones are estimated by Eq. (3), sequentially. Consequently, the overall score of each city can be obtained. A comparative analysis is performed based on the outcomes. The number in the parentheses denotes the normalized value of each variable, i.e. the value of the 3rd-level indicator, in a specific category. Table 3 shows the points of overall score and the 1st-level indicator of each city. Based on the situation in 2008, Top 3 cities in terms of the global warming adaptation are Sapporo, Hiroshima and Niigata; on the other hand, the last three ones are Fukuoka, Osaka and Nagoya. The overall score and the 1st-level indicators give a comprehensive image of urban system performance. Furthermore, the 2nd-level and the 3rd-level indicators can provide information to make substantial strategy for global warming adaptation on a city level. Table 4 gives the results of the 2nd-level and original indicators for each city. Note: The number in the parentheses is the rank of each 2nd-level indicator in a specific category.
From Table 2 -4 the comparative advantages and disadvantages of each city in 2008, in terms of global warming adaptation and human security, could be observed under the assumed intrinsic relationships of the precautionary indicator system. The upper-level cities in the overall ranking primarily obtain high scores on "Pressure and State" while this perspective is highlighted for the precautionary purpose in this study. Even the top 1 city, Sapporo, has low rankings in the other two 1st-level indicators, the differences compared with other cities are not too large. This is also one reason that the cities with high 1st-level scores would occupy high rankings. Still, some important policy implications for the development of adaptation strategies could be found by examining the scoring structure in Table 2 -4. In principle, some implications could be observed as the following:
Pressure and State
Sapporo, Niigata and Sendai obtain the highest scores in this category, implying that the current pressures on global warming and human security are less than other cities in 2008.
Regarding global warming, cities in north areas, e.g., Sapporo, Sandai and Niigata, might face less threatens of heat waves and the extreme weather than the sourth cities. Such outcome implies the geological condition would be an influencing factor on the regional climate stability. In view of the catastrophe pressures and climate change adaptation, meteorologically, the adequate latitude condition of a city might shift to a higher level than that of most current major cities in Japan. However, variables related to some sorts of natural hazards, e.g., earthquakes and tsunami, are not included herein while it is difficult to obtain appropriate quantitative precautionary variables in the existing statistics. On the other hand, Nagoya, Tokyo (special wards) and Osaka get relatively low scores while the current megacity scale is not suitable to relieve the pressures on global warming and human security.
Regarding the "Population Scale" indicator, for lower-scoring cities, the control of high population and household densities could be considered, while the later term seems to be a characteristic of modern society (Weng et al., 2009) . As for the "Environmental Pressure" indicator, countermeasures on eliminating the resources and energy consumption and controlling the heat island effect could be taken into consideration. Also, incentives for using public transportation could be further designed. In fact, the public environmental education should be promoted as well so as to change the unsustainable lifestyle. In terms of the estimates of the "Catastrophe Pressure" and "Environmental Quality" indicators, as mentioned earlier, the urban heat island effect should be noticed and controlled by increasing green area inside the city while this argument is also highlighted in the "Natural Supporting System" indicator. In addition, the promotion of the green roof at buildings could be a multi-functional measure on pollution mitigation, stormwater runoff control, energy saving and heat island effect mitigation (Cartera & Keeler, 2008) . Meanwhile, the restriction of private cars, incentives for using public transportation and the effective management on the pollution sources would reduce the air pollutant emissions associated with global warming and improve the urban environmental quality. In particular, the spatial car density data shows a strong positive relation to the ambient NOx concentration (the correlation coefficient is 0.84 for the original series). Economic instruments, e.g., car taxes and pollutant emission credits, would be potentially effective policy measures. Some strict emission standards of greenhouse gas could be suggested as well. Regarding the human security in urban area, municipal governors should eliminate the occurrence of crime and fire acccidents by launching strict regulations and frequent inspections.
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Function
In fact, except for the "Natural Supporting System" indicator, the cities with high population density may have sufficient financial supports to enhance the capacities on this part. Therefore, Tokyo (special wards), Yokohama and Kawasaki have high scores on the "Function" indicator. On the other hand, Kitakyushu, Nagoya and Sakai obtain relatively low scores, implying that the natural service and the public governances should be promoted to cope with essential tasks of adapting global warming and improving human security.
In terms of the "Production Capacity," this study chooses per capita income only as a reference index. Some additional influencing factors might exist in this category, e.g., the technology innovation towards global warming mitigation. However, some quantitative variables might be difficult to be obtained. In addition, since the main purpose of this study is to developing the precautionary indicator for global warming, the weight of this category is not significant. In this sense, a moderate representative index might be sufficient. However, the representativeness of this index might be biased sine many employees are not inhabitants in the area where they work. As for the "Natural Supporting System" indicator, mainly, an open natural space inside the city is expected to enhance the potential of the service of natural systems. In addition, there is high potential to implement a variety of ecological engineering approaches in urban area to increase the natural supporting capacity (Chapman & Blockley, 2009 ). In addition, as aforementioned in the interpretation of the "Pressure and State" indicator, constructing new urban parks and green roof (or roof gardening) are effective measures. Regarding the "Public Supporting System" indicator, concerning about the human security capacity, the development of the public health service and the social security enhancement should be improved although the tasks might be low priority in conventional urban governances. In order to distribute in-time emergent alarms and implement reaction plans, the enhancement of the information change systems is required. In addition, the practice of the emergency reaction plans should be performed routinely. Though not strongly related, the metabolism capacity in large cities should be promoted considering the improvement of all the perspectives of urban sustainability.
Coordination
In this category, Tokyo (special wards), Hiroshima and Kobe have high scores while Shizuoka, Kitakyushu and Sapporo get relatively low scores on the "Civilization Development Potential" indicator. Examining the detailed scoring structure in Table 1 , the low ratio of the public expenditure on education seems to be a main reason for this result. Meanwhile, more public education facilities are expected in the low-score cities to provide more opportunities for adult education. The public education facilities indeed could serve as platforms for promoting the education for sustainable development (ESD), which highlights issues covering global warming mitigation and human security improvement (UNESCO, 2011). Still, some additional indicators are required to take the sustainable industrial structure into consideration in this part. Although the evaluation outcomes come out only by using the data in 2008, the results are informative for the decision-makers and citizens. The related stakeholders could find potential directions to improve upon the current situation in the comparative analysis. Based on the previous observations, concrete adaptation strategies of global warming mitigation and human security improvement for each city are proposed in Table 5 . Encourage energy/natural gas saving by using economic incentives and adjusting the prices for instance Function Improve the regional research capacity Coordination Improve the regional research capacity; Improve the resources and infrastructures of public education Control the population/household density; Encourage water/natural gas saving by using economic incentives and adjusting the price levels for instance; Promote roof gardening, improve the drainage systems, and establish detention ponds to prevent from potential stormwater; Control NOx pollution: implement more strict pollution countermeasures such as making more strict emission standards and eliminating pollutant emission sources. Improve the greening of roads and promote the utilization of public transportation systems; Encourage the water saving by using economic incentives and adjusting the price levels for instance; Improve the greening of roads Function Establish efficient alarm networks for natural hazards and human security Coordination At an appropriate level;
Shizuoka
Pressure and State
Encourage the increase of newborn babies; Promote roof gardening, improve the drainage systems, and establish detention ponds to prevent from potential stormwater
Function
Increase the resource (doctors and facilities) of public health care; Improve the capacity of hazard security by increasing the manpower; Improve the prevailing of sewage services; Establish efficient alarm networks for natural hazards and human security Coordination Improve the regional research capacity; Improve the resources and infrastructures of public education In addition, applying the ideas of the EKC, a quadratic equation is preliminarily established to fit the possible relationship between the overall scores and the area of the regions. The ordinary least squares (OLS) method is used to estimate the parameters, and the results are statistically diagnosed to confirm the statistic credibility of the model. As shown in Fig.3 , the results of the F test and the t test denote that most of the parameter estimators are significant; the Durbin-Watson (DW) statistic shows that no significant serial correlation problem exist in the error term. However, only about 17% of the model variances are explained by the current one; one reason is that the equation only considers the influencing factor of area, on the basis of the concept of EKC. Still, the developed equation could provide a preliminary estimation for the optimal area of a sustainable city for the research purpose. In Fig. 3 , the results imply that 987.26 km 2 would be the optimal area according to the methodological assumptions and data in 2008. Besides, the area of the top 2 cities in the ranking is close to this optimal value, supporting the current outcome. On the other hand, satisfactory results are not obtained in developing the function of the overall scores and the population scales of the interested regions. Given that more rational weights of the indicators, the result suggests that the coupling of the indicator system and the EKC could be an informative tool to analyse the optimal development scale from a variety of perspectives with the current available statistics, and thus this methodology could aid future urban design towards sustainable development. Fig. 3 . The relationship between the overall scores and areas for the study regions. Note: Values in the parentheses are t statistics for the parameter estimator; * and ** denote significance at the 10% and 5% levels, respectively.
In fact, some deficiencies in this study are expected to be improved at the next step. First, an additional analysis on the weights in the current precautionary indicator system is required. Second, the aggregation process in the precautionary indicator system actually assumes that the intrinsic relationships among the variables are linearly. In this sense, the weights of the indicators serve as the coefficients in a linear equation in each category. Therefore, the potential collinearity among the indicators in the current indicator system has to be further examined given that a more credible spatial-temporal panel data. Third, regarding the cooperation and competition among the cities, some neighboring cities may have strong =-5.86*10 -7 (x -987.26) 2 + 0.204 interactions to form a regional economy. For example, in the eastern Japan, several major cities comprise of the informal Kando regional economy. In this sense, the current methodology of the development of indicator systems should take the interactions among stakeholders into consideration by adopting import/export flows. Still, the current methodology could provide adaptation strategies to a certain extent with a small data requirement.
Conclusion and future prospect
Considering the composite socio-economic-environmental relationships, this study makes an attempt to develop a precautionary indicator system to quantify the degree of the risks with regard to global warming and human security in urban areas. An normalization procedure considering the attributs of impacts is proposed to develop the indicator system. Regarding the improvement of the current methodology, two parts could be further studied. Firstly, considering the manipulability of the calculation, the behaviors of the variables are assumed to obey the standard normal distribution in this study while some might not.
Further distribution tests could be implemented for the recognition of the behaviour of each index. Secondly, the weights within the hierarchies could be re-structured by using the AHP or ANP-like methods, e.g., AHP, fuzzy-AHP, or ANP methods, so that all the stakeholders' view points could be taken into consideration. Using the official data in 2008, the preliminary empirical results provide concrete adaptation strategies for the major cities in Japan. Furthermore, every city could find some solutions to improve their capacity regarding the global warming and human security. In addition, concerning the catastrophe pressures and the climate change adaptation, the adequate latitude condition of a city might shift to a higher level than that of most major cities in Japan. Furthermore, using the overall scores of the precautionary indicator systems, a preliminary EKC is established to discover the optimal size of a city, showing that a city in the area of around 987.26 km 2 would be adequate for the purpose of global warming adaptation and human security improvement with regard to city governances. Consequently, as shown in the demonstrated EMC example, more attributes on the city scales could be exploited based on the established indicator sytem using a comprehensive data. Based on the outcomes of this study, the precautionary indicator system and the proposed adaptation strategies regarding the global warming mitigation and human security improvement would contribute to the facilitation of the current urban planning for sustainable development.
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